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Abstract—This paper investigates the transient voltage 
distribution in a 11 kV layer type winding transformer under a 
standard 1.2/50 µs lightning impulse. The winding parameters 
known as resistance (R), inductance (L) and capacitance (C) 
were obtained through numerical calculation which were used 
to simulate the lumped equivalent circuit model. The 
calculated and simulated voltage distributions in all the layers 
of HV winding were analyzed. There is a steep and linear 
distribution of simulated and calculated voltage. 
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I. INTRODUCTION 
Transformers can be subjected to transient voltage caused 
by lightning strikes, switching operations and other similar 
causes. These events could lead to the changes in the 
winding behaviour. Generally, transformers are tested under 
different standard impulses in factories in order to examine 
the influence of transient voltages on insulation systems and 
windings. This information can be used to design the 
appropriate protection systems for transformers. There are 
several standards available for testing the insulation 
breakdown strength of winding under standard impulses [1–
3]. The distribution of overvoltage in different layers and 
turns of windings are normally nonlinear due to its 
capacitive and inductive elements.  
Transformers could fail in-service due to sudden voltage 
surges even though it has passed the impulse test carried out 
during type test at manufacturing stage [4,5]. The 
distribution of transient voltage along a transformer winding 
is normally characterized by the factor α, as given in (1) [6-
8], 
 
 
 
where Cs and Cg are series and ground capacitances of the 
winding.  
A uniform voltage distribution is obtained when α is 0. 
As α increases, the nonlinearity of voltage distributions in 
windings also increases. In other words, the value of α 
indicates the status of stresses on transformer windings. 
However, it should be noted that the voltage responses of 
windings to the input voltage impulses also depend on 
behaviour of the impulse waveforms [9]. For example, the 
magnitude of oscillations in voltage distributions depend on 
the wave front time of the applied impulse [10,11]. 
This paper aims to investigate the impact of lightning 
impulse on the distribution of transient voltages in a 11 kV 
layer type winding transformer. In this study, a standard 
lightning impulse is generated by an impulse generator 
circuit. The lightning impulse is induced to the transformer 
winding to examine the internal transient voltage 
distributions and the stresses on the insulation in the 
winding layers.  
II. METHODOLOGY 
A. Generation of lightning impulse 
A standard 1.2/50 µs lightning impulse was generated by 
the circuit given in Fig. 1. An insulated gate bipolar 
transistor (IGBT) was used as a synchronized triggering 
switch instead of normal switch. A thyristor was also used to 
reduce the noise. The wave front and wave tail times were 
individually controlled through front resistor, Rf and tail 
resistor, Rt. The standard lightning impulse was obtained 
across the capacitor, C2 and the circuit parameters can be 
seen in Table I. 
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TABLE I.  THE CIRCUIT PARAMETERS FOR THE LIGHTNING IMPULSE 
CIRCUIT 
Standard Rch (kΩ) C1 (µF) C2 (µF) Rf (Ω) Rt (Ω) 
1.2 / 50 µs 18 10 0.5 0.84 5.96 
The lightning impulse waveform generated by the 
impulse generator circuit can be seen in Fig. 2 and it was 
used as the input to the RLC equivalent circuit of the 
transformer model. Since, majority of the transformer 
winding failures occurred at the line ends [12], the lightning 
impulse was applied at the outermost layer. Hence, the 
present transient study is only focussed on HV layers. 
 
B. Calculation of RLC parameters for transformer 
modeling 
The transformer model under study was a Dyn11, layer 
winding transformer with power and voltage ratings of 160 
kVA and 11/0.415 kV as shown in Fig. 3. The specifications 
of the transformer are given in Table II and Table III.  
TABLE II.  HV WINDING SPECIFICATION 
Parameters Units 
Number of turns 82 
Number of layers 14 
Conductor / turn thickness 3.15 mm 
Insulation thickness between layers 0.17 mm 
Insulation thickness between turns 0.17 mm 
HV winding height (including allowance) 279.00 mm 
Insulation between HV – LV windings 4.03 mm 
Distance from centre of core to end of HV winding 96.65 mm 
Distance from centre of the core to end of HV winding 145.95 mm 
TABLE III.  LV WINDING SPECIFICATION  
Parameters Units 
LV winding height 290 mm 
Number of layers 24 
Diameter of the core 125 mm 
Insulation between core and LV winding 3.13 mm 
Distance from core to LV winding 65.63 mm 
Conductor thickness of each layer 1 mm 
Insulation thickness between LV layers 0.13 mm 
Distance between core and end of LV layers 92.96 mm 
 The inductance of the 14th layer was calculated based on 
(2) under the assumption that the corresponding layer as a 
single layer as shown in Fig. 4 [13], 
where  is the number of turns in a layer and  is the total 
distance from the centre of the core. 
 The inductance for the 13th layer was calculated based on 
(3) by considering layer 1 to 13 as circular conductors and 
close to each other as shown in Fig. 5 [13].  
where  is the number of turns in a layer,  is the total 
distance from the centre of the core,  is the height of HV 
winding and  is the thickness of the winding. Similarly, the 
inductances of layer 1 to 12 were calculated based on (3). 
Fig. 1. Lightning impulse generator circuit.  
 
Fig. 2. 1.2/50 us standard lightning impulse. 
 
Fig 3. Cross-sectional view of layer type winding transformer.  
                          (2)
 
Fig. 4. Inductance calculation of single layer helical winding. 
                            (3)
The inductance of LV winding was also calculated 
accordingly. 
 
 The winding parameters for resistance were calculated 
for both HV and LV based on Fig. 6, where, Ro is the outer 
radius, Ri is the inner radius, L is the length of the winding 
and Dcond is the diameter of the conductor. The ratio of the 
effective occupied area of the winding and the actual cross-
sectional area of the winding can be determined by (4), (5) 
and (6) respectively, 
(4) 
 
(5) 
 
(6) 
where  is the total cross-sectional area of the conductor 
and  is the effective conductor occupied area. It was 
assumed that the position of each of the inner layer for the 
winding is at slight helix angle to the subsequent outer layer 
of the winding. This is to ensure the subsequent layer turns 
would not be in the layer gaps. A constant ratio, F was 
adopted and termed as a ‘winding filling factor’. It was 
assumed that F as  (0.79). The winding resistance, Rc was 
determined based on (7). 
 
(7) 
where the resistivity of copper, ρ is 1.724e-5 Ωmm. Since the 
conductors are located at considerable distance from 
transformer core, the effect of the core on the resistance is 
considered as negligible. The capacitance between 2 
adjacent turns, Ctt was calculated based on (8) and (9). 
(8) 
 (9) 
where  is permittivity of air,  is relative permittivity of 
insulation material,  is external diameter of the winding 
and  is internal diameter of the winding. If the number of 
turns per layer of the winding is , the number of series 
capacitances along the one layer of the winding would be 
. Therefore, the total series capacitance of a layer of 
the whole HV winding,  can be calculated based on (10), 
 
The capacitance between 2 layers of the HV winding Cll, 
was calculated based on (11) at r = ∞  [14,15], 
 
where  is the width of the layer,  is the distance between 
two layers (length of the average electric flux line between 2 
conductors), de is the external layer diameter, di is the 
internal layer diameter and r is the curvature radius of the 
winding. The Cll for layer 1 to 12 of the HV winding can be 
calculated based on (11). The capacitance between end 
phase of the winding and the transformer tank, Cgt was 
calculated based on (12) [16], 
 
(12) 
where h  = h + d, h is height of the winding, do is the outer 
diameter of the inner layer, d is the gap between two layers, 
t is the internal width of the tank, which is 383.15 mm. The 
windings are concentrically arranged around the core. It can 
be treated as a cylindrical capacitance thus calculated using 
(13) [16,17], 
 
(13) 
where h  = h + d (to compensate for fringing of the field at 
the ends),  is the inner diameter of the outer winding,  is 
the outer diameter of the inner winding, d is the distance 
between  and . The distributed capacitance from line 
end to the transformer tank was calculated using (14), 
 
 (14) 
The HV winding is wound on HV-LV intermediate 
barrier insulation, which is again wound on the copper foil 
of the LV winding. The capacitance of the HV-LV 
intermediate barrier, CHV-LV and the capacitance between two 
LV winding turns, CLV,tt was calculated based on (15) [16], 
 
The  is the capacitance of the LV winding to 
the core which can be calculated by using capacitance of 
each layer of LV winding as shown in (16), 
 
There is a space between 2 adjacent layers consists of 
the oil impregnated paper insulation around the copper 
conductors of the HV winding. The permittivity,  of the 
gap can be calculated based on (17) through consideration 
on the 2 adjacent layers, 
 
Fig. 5. Inductance calculation of multi-layer helical winding.  
 
Fig. 6. Winding Parameters for Resistance Calculation. 
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               (11) 
            (15) 
   (16) 
 
where  is the thickness of paper insulation,  is the 
thickness of insulation coating,  is the distance between 
two layers. The series capacitances of a winding layer were 
calculated based on the ratio between turn-to-turn 
capacitance over number of turns of that particular layer. 
The equivalent layer capacitance of 2 layers  was 
transformed at the input of the winding circuit. Next, the 
equivalent turn-to-turn capacitance,  was multiplied with 
the square of the turns ratio of the 2 layers of the entire 
winding using (18), 
 
where  is the number of turns in the i-th layer of the 
winding and  is the number of turns in the (i + 1)-th 
layer of the winding. The Cll, between first 2 layers of the 
HV winding can be calculated. The equivalent layer to layer 
capacitance for the layers wound in opposite direction is 
1/3rd of the static capacitance between 2 layers as given in 
(19). 
 
 
The equivalent layer capacitance of 2 layers,  , in 
(20) can be calculated based on (19) and transformed into a 
capacitor at the input of the winding . This capacitance, 
 was considered to be in parallel to the layer winding. 
The capacitance  was calculated accordingly. For 
layer 2, i.e., 13th layer capacitance was calculated for and 
 respectively. Turn-to-turn capacitance of the 14th layer 
was also calculated based on (20). The capacitance for LV 
winding can be calculated based on (21), 
 
where h is the LV winding height,  is the inner diameter 
of outer winding,  is the outer diameter of inner winding 
and  is relative permittivity, which is 3.3. 
C. Transformer winding model 
The calculated parameter of R, L and C for both HV and 
LV windings of this transformer model are tabulated in 
Table IV and Table V. For simplification purposes, the HV 
winding turns were lumped together into layer sections and 
LV winding is lumped into a single section for the 
equivalent RLC circuit as shown in Fig. 7(a) and (b). The 
voltage distribution at the point in each layer of the HV 
winding was calculated based on (22) [8,18], 
 
where  is the height of the winding,  is the layer distance 
from the neutral point, Vp is the voltage peak of input 
impulse and Vdist is the voltage distribution of each layer. 
The value of coefficient, α was determined using (1). 
 
TABLE IV.  PARAMETERS OF HV WINDING 
Layers R (Ω) L (µH) Cll (pF) 
14 1.7637 4900 159.65 
13 1.7231 4800 155.93 
12 1.6825 4700 152.22 
11 1.6420 4800 148.51 
10 1.6014 4400 144.80 
09 1.5609 4300 141.09 
08 1.5203 4200 137.37 
07 1.4798 4100 133.66 
06 1.4392 4000 129.95 
05 1.3986 3900 126.24 
04 1.3581 3700 122.53 
03 1.3175 3600 118.82 
02 1.2770 3500 115.11 
01 1.2364 3400 - 
TABLE V.  OTHER WINDING PARAMETERS 
Parameters Units 
 Cgt  11.805 pF 
CHV-LV 1033.7 pF 
Cresultant 1396.1 pF 
LLV 58.956 nH 
RLV 86.6784 Ω 
 
III. RESULTS AND DISCUSSION 
 The transient voltage waveforms for HV winding in 
layers 13 and 14 under lightning impulse are shown in Fig. 8.  
In the figure, V14top is the waveform taken at the top end of 
layer 14 which is also the terminal of HV winding and point 
    (17) 
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                (19) 
                                          (20) 
              (21) 
            (22) 
 
(a) 
 
 
(b) 
Fig. 7. (a) Transformer equivalent circuit having 14 HV layers in the 
winding and lumped LV windings and (b) layer 1 to 12 of HV winding 
in the subsystem. 
of entry for the lightning impulse. For this reason, the 
V14top waveform is similar to impulse waveform. V14end is 
the waveform taken at the bottom end of layer 14 which is 
connected to layer 13. V13end is the waveform taken at the 
other end of layer 13. Based on the voltage oscillation 
waveform, the peak of the first cycle which is at 3 µs and 20 
µs represents the maximum amplitude of the transient 
voltage for both layers, 14 and 13 respectively. The voltage 
oscillations are quite apparent due to the presence of 
inductive and capacitive elements in the RLC circuit [6].  
 
 The simulated and calculated voltages obtained at the 
peak point of the impulse in the winding model are shown in 
Fig. 9. The simulated voltages show slight variation with the 
calculated voltages. The calculated voltages have visible 
voltage drop from layers 14 to 13 which is due to the 
presence of ground capacitance between outermost layer 
(layer 14) of the winding and the tank. The simulated voltage 
decreases almost linearly through the inner layers of the 
winding and is higher than the calculated voltage. The 
calculated voltage continues to decrease linearly after the 
sudden voltage drop near line end of the winding. Although 
both simulated and calculated voltage distribution are linear, 
the decrease of voltage from 1 p.u. to 0.1 p.u is considered 
steep. This results in exerting stress on the insulation of 
winding layers. The slight difference in simulated and 
calculated voltage distribution along the layers of the 
winding in Fig. 9 might be due to several assumptions made 
during the simulation. For example, the allowance included 
in the height of the HV winding geometry could not be 
considered for individual RLC calculation. However, the 
allowance in height is taken into consideration for theoretical 
calculation of voltage at each layer of the HV winding. Other 
reason probably due to the impulse peak time considered in 
the simulated voltages but not in the calculated voltage. 
Additionally, the α calculation is considered in the calculated 
voltages but not in the simulated voltages.  
IV. CONCLUSION 
The voltage oscillations are more apparent in each layer 
of the HV winding due to the presence of inductive and 
capacitive elements in the RLC equivalent circuit. The 
calculated voltage depicts a sudden dip between layer 14 
and 13 as compared to the simulated voltage. The difference 
between the simulated and calculated voltage distribution 
could be due to the capacitive currents generated in the RLC 
circuit. It is also observed that the voltage distribution in the 
simulated and calculated voltages are linear but steep. 
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Fig. 8. Voltage distribution for layer 13 and 14 under lightning 
impulse. 
Fig. 9. Comparison of voltage distribution under lightning impulse for 
all layers. 
